We study the size-topology relations in random packings of dry adhesive polydisperse microspheres that cover a wide range of global packing fraction through a geometric tessellation. We find that the dependence of the neighbour number on the center particle size is always quasilinear, independent of the size span or interparticle adhesion. The averaged local packing fraction as a function of normalized particle size for different polydispersities is well regressed on the same profile, which grows to larger values as the mean particle size increases. As for the local coordination number-particle size profiles, they converge onto a single curve for all the adhesive particles, but will transfer to another branch for non-adhesive particles. Such size-topology relations are interpreted theoretically by an extended geometrical "granocentric" model, which was applied previously to describe the jammed packing of granular matter and compressed emulsions. Our findings, together with the modified theory, provide a more unified perspective on the internal geometry of amorphous polydisperse systems, especially those with fairly loose structures.
Jammed particle packings have been studied to understand the microstructure and bulk properties of liquids, glasses, emulsions, colloids and frictional granular materials [1] [2] [3] [4] [5] [6] . Particular interest has been drawn to uncovering the underlying packing geometry and topology [7] [8] [9] . Several theoretical approaches have been proposed to understand the local and global packing properties, ranging from geometric tilling [10] [11] [12] to statistical mechanics of jammed matter [13] [14] [15] [16] . These theories quantify the randomness and fluctuations of the macroscopic properties through the probability distributions of local parameters, such as the coordination number, neighbour number and the cell volume. A governing principle that predicts the packing geometry is thus well established specifically for compressed and jammed configurations.
However, most packings of dry small micron-sized particles in nature are subject to adhesive forces as well [17] , where fairly loose but mechanically stable structures are observed. Despite the ubiquity of adhesive particle packings in almost all areas of engineering, biology, agriculture and physical sciences [17] [18] [19] [20] , there have been very few systematical investigations of such packings [21] [22] [23] [24] [25] [26] . The difficulty arises from the great challenges in the experimental measurements on the local packing properties, particularly for dry micro-particle system, let alone the insufficient theoretical interpretation. Therefore, numerical simulation with discrete element method (DEM) or molecular dynamics (MD) has become a powerful tool to take a deep insight into the adhesive packings [21, 24, 27] .
Building on a novel DEM framework that is specially developed for adhesive micro-spheres [17, 28] , we study the size-topology relations of the adhesive loose packing of dry polydisperse micro-spheres and explain the results with an extension of the granocentric model [10] [11] [12] . In our adhesive DEM framework, both the transitional and rotational motions of each particle in the system are considered on the basis of Newton's second law. In this letter, particles are only subjected to gravity and interparticle collisions by assuming no fluid or electrostatic interactions. Serving as the most important interactions, the contact forces consist of three parts, a normal adhesive contact force F ne , a normal damping force F nd validated by classic particle-surface impact experiments [17, 28] , and a tangential force due to the sliding friction. The JKR (Johnson-Kendall-Roberts) model is employed to account for F ne between the relatively compliant microspheres [29] . The dissipation terms, including the sliding, twisting and rolling frictions in the presence of adhesion, are all approximated by a linear spring-dashpot-slider model with model parameters given in [28, 30] .
The packings are generated by the random ballistic deposition approach [23] , where 5, 000 polydisperse spheres with mean radius r p0 are injected into a cuboid domain of 80r p0 × 20r p0 × 20r p0 with an initial velocity U 0 under gravity. Periodic boundary conditions are applied along the two horizontal directions to eliminate the wall effects. A mechanically stable packing structure is obtained when all the particles are at rest after a sufficiently long time to dissipate all the kinetic energy. The particle size distribution applied follows the Gaussian distribution, with the mean radius ranging from r p0 = 2 to 50µm and the normalized size variance σ = σ r /r p0 varying from 0 to 0.4. The particle surface energy γ, which characterizes strength of the interparticle van der Waals adhesion, is fixed at γ = 15mJ/m 2 based on the atom force microscope measurements [31] . Each simulation is run three times to guarantee a reliable averaged result. The packing structure is tessellated through the navigation map [32] , which is an extension of the Voronoi tessellation to polydisperse system, to obtain the local microstructure of each particle. In the navigation map, the space is partitioned into non-overlapping cells that are separated by hyperbolic surfaces. Each cell contains only one particle and all the points that are closest to its surface. Two particles are said to be neighbours if their corresponding cells share a common interface. With a Monte Carlo method, we are able to estimate the cell volume and thus the local packing fraction. Figure 1 shows the averaged local packing fraction φ local and coordination number Z local as a function of the normalized particle radius r = r p /r p0 . For comparison, packings of non-adhesive polydisperse spheres in both simulations and experiments from the literature are also incorporated [33, 34] . We can see that the smaller the mean particle radius is, the lower the packing fraction is, which agrees with the previous studies on packing of dry adhesive particles [21, 26, 35] . With a fixed mean particle size, φ local − r profile falls on the same curve, which implies that there is no dependence of φ local on the size variance σ. On the other hand, for different mean particle sizes, Z local seems to collapse onto a single curve, which is totally different from the non-adhesive branch. These observations indicate that there exist different size-topology relations in the very loose structures.
From the view of geometry, the local packing struc- ture can be constructed based on the relative location of the neighbouring particles. The more neighbours a single particle has, the more potential contacts there will be. Through the navigation map tessellation, we identify the neighbours around each particle in the packing. Figure 2 depicts the averaged neighbour number < n b > as a function of the normalized particle size, including all our simulations as well as the results in literature. Intuitively, larger particles have more neighbours. However, it is fascinating that all the points overlap onto the same curve and the < n b > −r relation seems to be quasilinear except for some deviations at large particles. This finding reveals that the determination of local neighbouring particles does not depend on the mean particle size, or the size span, or whether there is adhesion, which suggests that the local microstructure of each particles simply arises from the geometrical constraints.
Recently, a local model from the "granocentric" view for 3D polydisperse systems has been proposed to explain the size and neighbour topology in compressed emulsions and jammed non-adhesive granular matter [10] [11] [12] . By randomly locating the neighbouring particles around a centric particle with some constraints, this model manages to construct the local geometry and well predicts the distributions of local packing fraction and coordination number, as well as the neighbour number. However, our simulation indicates that there exists different sizetopology relations for dry adhesive particles that can not be explained by the current model, even though they share the same < n b > −r profile. Therefore an extension of the granocentric model is proposed to capture the geometry in packings of dry adhesive polydisperse spheres.
Starting from a center particle with a radius selected from the prescribed size distribution, neighbouring par-ticles are located around the centric particle one by one without overlapping, of which the size is also chosen from the same distribution as the center particle. Each neighbouring particle is decided to be in contact with the center particle with a probability p c and surface-to-surface distance d s = 0, otherwise it is located with d s > 0 away from the center particle. Then every placed neighbour occupies a solid angle that depends on the radii of both the centric and neighbour particles, and d s . The total number of neighbours is determined when the sum of the solid angle occupied by each neighbour reaches a pre-set limit Ω * tot . After deciding all the neighbours around the center particle, the total cell volume V c can be calculated by summing up all the volume contribution from each neighbour, which is defined as a cone from the center of the centric particle to the hyperboloid surface that is determined by the navigation map. It should be noted that the total solid angle occupied by the neighbours are not equal to 4π due to the space between neighbours. However, the total solid angle occupied by the corresponding cones must be strictly equal to 4π when calculating the volume contribution, otherwise it will result in the underestimate of the total cell volume. In our modified model, the unoccupied solid angle, i.e. 4π − Ω tot , is distributed to each neighbour proportionally to its solid angle, which is an important improvement from the previous one [12] . Figure 3a summarizes the procedure of how this model works and displays the relationship between the local parameters, which rely on three key parameters: (1) the total solid angle limit Ω * tot , (2) the contact probability, p c , and (3) the surface-to-surface distance d s . For the selection of Ω tot , the averaged total solid angle < Ω tot > is suggested [12] . It is indicated that < Ω tot > does not depend on the centric particle radius and is approximately fixed at < Ω tot >≈ 3.2π [10, 12] for jammed packings. However, our simulation shows that < Ω tot > varies for adhesive particles (see Fig. 3b ), which becomes lower as the mean particle size decreases. As for the p c , it is also suggested that a fixed value of p c ≈ 0.41 is applied for non-adhesive particles [10] . Nevertheless, p c decreases to around 0.3 for all the adhesive particles in our simulation, as shown in Fig. 3c. Regarding the d s , Fig. 3d indicates that d s exhibits distinguished distributions for different mean particle radius. At r p0 = 2µm, the probability distribution function (PDF) of d s grows a peak at d s = r p0 , while it is almost constant in the range d s = 0 ∼ r p0 and decays drastically after d s > r p0 for larger particles with r p0 = 50µm. Hence, in our modified model, PDF of d s is described by the Rayleigh distribution for r p0 < 50µm, while it is approximated by a uniform distribution between d s = 0 and d s => r p0 for r p0 ≥ 50µm. Furthermore, it is worth noting that the PDFs of d s are almost identical for different σ with a fixed r p0 .
Given the particle size distribution P (r p ), it is feasible to write the master equations to obtain the PDF of the number of neighbour, and further the PDFs of contact number and local volume fraction [10] [11] [12] . However, to solve these equations analytically are very impractical. Therefore, we resort to employ Monte Carlo simulations to create numerous local cells based on the above procedure and thus accurately obtain the full distributions of the neighbour number, the contact number, as well as the local packing fraction. Before the MC simulation, appropriate values of the three model parameters must be determined according to the mean particle radius, for instance, Ω * tot = 2.3π, p c = 0.3 and a Rayleigh distribution of d s with the scale parameter equal to 1.28 are used for r p0 = 2µm. Figure 4 shows the PDF of the local packing fraction from both DEM simulation and the model, where fairly good agreement is reached. Obviously, as r p0 increases, the global packing fraction increases, which resembles the non-adhesive cases with r p0 > 50µm. Furthermore, theoretical predictions are also presented in both Fig. 1 and Fig. 2 as the solid lines. Not only do we well describe the size-topology relations for dry adhesive particles, but also recover the results of non-adhesive jammed packings, which indeed approves the validity of our modified model.
As a summary, we systematically investigate the random packing of dry adhesive micro-spheres within a wide range of size span. The geometry of the packing structure is tilled through the navigation map tessellation. A unifying quasilinear relation between the averaged neigh- bour number and the normalized particle size is revealed, regardless of the size distribution or the interparticle adhesion. Moreover, the regressions of both the averaged local packing fraction and coordination number as a function of the normalized particle size are found to be distinguished from the non-adhesive particles. Such size-topology relations are well explained by a modified granocentric model. Our findings provide fundamental knowledge on the geometry of loose polydisperse particle system, which may shed light on the understanding of the underlying mechanisms relating to the formation of adhesive assembly.
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